Both clays and calcium silicate hydrates (the main hydration products of Portland cements) exhibit a microstructure made up of lamellar particles. The microscopic mechanism responsible for the macroscopic creep of such materials is often described as the relative sliding of the sheets. This paper proposes a micromechanical approach to estimate the macroscopic creep behavior rising from this microscopic mechanism. The asymptotic evolution of creep at both short-and long-term is especially investigated. More precisely, a non-vanishing initial elastic strain is retrieved. At long-term, a threshold on porosity appears. At lower porosities, the creep evolution admits an asymptotic strain. At higher porosities, it admits an asymptotic strain rate.
INTRODUCTION
Concrete is a complex multi-scale composite involving multi-physics processes. As it is the only evolving component of concrete, the cement paste has a major influence on the mechanical properties of concrete. As the aggregates do not exhibit significant creep, the first step is to investigate the creep of the cement paste. Moreover, nanoindentation tests have shown that, in the cement paste, only C-S-H (calcium silicate hydrates) exhibit non-negligible creep (Acker 2001) .
The growth of C-S-H on the surface of a C 3 S (tricalcium sulfate) grain wetted by a drop of lime saturated solution has been observed by AFM (Garrault et al. 2005 ). C-S-H seem to grow by the aggregation of small flattened particles whose largest face is parallel to the surface of the grain. The size of these particles has been measured: 60 * 30 nm by 5 nm thick. The model of Courault and Nonat (Courault 2001, Nonat et al. 2001 ) describes these particles as the superposition of a few sheets (see Fig. 1 ).
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BEHAVIOR OF THE PARTICLES
The isotropic elastic behavior of the solid particles (characterized by the bulk and shear moduli k s and g s ) is modified to incorporate the relative sliding mechanism of the sheets. The latter only affects the shear strains onto (e 1 , e 3 ) and (e 2 , e 3 ), where e 3 is perpendicular to the sheets. The elastic behavior, thus, has to be replaced by a viscoelastic one that keeps the initial elastic strain (when t → 0 + ) during a creep experiment. The simplest rheological model fulfilling this condition is the Maxwell model (Fig. 2) 
As far as the shear strain onto (e 1 , e 2 ) and the extension strains in the e 1 , e 2 and e 3 directions are concerned, the behavior remains elastic. The variable relative orientation of the particles couples these strain modes in quite a complicated way. The macroscopic viscoelastic behavior rises from these couplings. Homogenization of random media and the Laplace-Carson transform allow to estimate these couplings, considering a random distribution of the particles and an isotropic distribution of their orientation.
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The Laplace-Carson transform is indeed classically used in order to transform, from a formal point of view, a non-aging linear viscoelastic problem into a linear elastic one. The effective behavior in the Carson domain can be estimated resorting to classical homogenization techniques in the framework of linear elasticity. The last step consists in inverting the Laplace-Carson transform to get the effective viscoelastic behavior, equivalently characterized by the creep or relaxation function. This is often the most mathematically involved step, as the inverses of only a few simple functions are analytically known. Numerical inversion is required in the case of more complicated functions. The Laplace and Laplace-Carson transforms are respectively defined as:
The viscoelastic behavior of the particle whose sheets are perpendicular to e r (orientation described by θ and φ), thus, becomes in the Carson domain:
with the isotropic elastic part:
and the viscous part that depends on the particle orientation, using Voigt notation: (33)). The last step is to perform an inverse Laplace-Carson transform to obtain the spherical and deviatoric effective creep functions.
EFFECTIVE CREEP FUNCTIONS
Let us first consider a creep experiment under a spherical macroscopic stress of the form (t) = 0 H(t)1, which corresponds to ( p) = 0 1 in the Carson domain. The macroscopic strain in the Carson domain is, then, E ( p) = E sph ( p)1, with: The following normalized variables can be defined:
Taking advantage of the time-frequency scaling of the Laplace transform, which yields
as far as the Laplace-Carson transform is concerned, the normalized creep strain t n → E sph n (t n ) is the inverse Laplace-Carson transform of:
Finally, the spherical creep strain reads:
In a similar way, let us now consider a creep experiment under a deviatoric macroscopic stress of the
where t n → E dev n (t n ) is the inverse Laplace-Carson transform of:
Only numerical computations of f k (ϕ, ν s , p n ) and f g (ϕ, ν s , p n ) are available (calculated from (34) and (35)). The Laplace-Carson transform, therefore, cannot be analytically inverted. However, taking advantage of the truncated series expansions derived in Appendix A.2.2, the creep response at both short-(t n → 0) and long-term (t n → ∞) can be investigated.
RESULTS
CREEP AT SHORT-TERM
We first consider the case t n → 0, obtained when p n → ∞. We recall the truncated series expansion (50), which is valid for 0 < ϕ < 1/2:
The normalized spherical creep strain, thus, reads asymptotically:
where
are respectively given by (55) and (56). And the normalized deviatoric creep strain reads asymptotically:
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where G ∞ 0 (ϕ, ν s ) and G ∞ −1 (ϕ, ν s ) are respectively given by (52) and (53). An initial elastic strain is, thus, observed on the whole range of porosities, from 0 to 1/2. The instantaneous stiffness corresponds exactly to the stiffness obtained by the self-consistent scheme with an elastic solid phase whose moduli are k s and g s . This was the purpose of the present model, developed as an extension of the elastic model. Figure 3 depicts the elastic part and the initial slope of the spherical and deviatoric creep strains. Note that the elastic strain and the initial slope are both higher in the case of deviatoric creep than in the case of spherical creep. 
CREEP AT LONG-TERM
Let us now consider the case t n → ∞, obtained from p n → 0. When 0 < ϕ < 1/4, we recall the truncated series expansion (36):
The normalized asymptotic spherical creep strain, thus, reads:
where K 0 0 (ϕ, ν s ) is given by (41). And the normalized asymptotic deviatoric creep strain reads:
where G 0 0 (ϕ, ν s ) is given by (38). The creep strain reaches an asymptotic level, which depends on the porosity (see Fig. 4 ).
When 1/4 < ϕ < 1/2, we recall the truncated series expansionn (44):
The normalized spherical and deviatoric creep strain, then, read: These results on creep at long-term, sketched on Figure 6 , can be commented out:
• at long-term (t n → ∞), the dashpot can be considered as free (non-zero strain at vanishing stress);
• when porosity is higher than 1/4, the polycrystals are of sufficient low density so that the sheets can slide freely, without being restrained by neighboring particles (that may have a different orientation): the macroscopic strain grows indefinitely;
• when porosity is lower than 1/4, the polycrystals are "too" compact: the neighboring particles restrict the relative sliding of the sheets, activating their elastic compliance; the asymptotic macroscopic behavior is, therefore, elastic. The asymptotic evolutions depicted in Section 3.1 at t n → 0, and in Section 3.2 at t n → ∞ are retrieved. Moreover, the deviatoric creep strain is always higher than the spherical one.
CONCLUSION AND PROSPECTS
The micromechanical model of cement paste developed and validated with respect to elastic measurements in (Sanahuja et al. 2007 ) distinguished two types of C-S-H. In this model, high density (HD) C-S-H is viewed as a porous polycrystal made up of particles of the same shape as the elementary brick represented on Figure 1 , whereas low density (LD) C-S-H is made up of more flattened particles (which can be viewed as a juxtaposition of several elementary bricks). This porosity and the aspect-ratio are, thus, two morphological parameters of the microstructure. Table 1 gathers the typical values of these morphological parameters for the two model materials (porosity of LD C-S-H is provided as the range reached at the end of hydration when 0.2 < w/c < 0.6). This model being successfully validated with respect to elastic measurements, the morphology can be tentatively reused as an input to investigate other mechanical behaviors including creep, which is the subject of the present paper. However, the developments presented here need to be reworked to consider flattened solid particles (oblate shape) instead of spheres.
TABLE I Typical aspect ratio and porosity of HD and LD C-S-H used in the model of (Sanahuja et al. 2007).
Thus, the next step would be to revisit the model described in (Sanahuja et al. 2007 ) to deal with creep. C-S-H creep would be dealt with the use of the model developed in the present paper, modified to take into account the flattened shape of the C-S-H solid particles. This may help to investigate one main question about the creep strain evolution of concrete at long-term, namely whether it reaches a stable value or grows at a constant rate.
EFFECTIVE STIFFNESS OF POROUS POLYCRYSTALS MADE UP OF LAMELLAR PARTICLES
We consider a porous polycrystal. The solid grains are made up of stacked planar sheets. The porosity is denoted by ϕ. This section is devoted to the estimation of the effective stiffness of such material. The micromechanical modelling of the behavior of polycrystals made up of lamellar particles, in the framework of homogenization of random media, was initiated in (Dormieux et al. 2006) . At the polycrystal scale, the effective behavior of the grains is modelled by a transversely isotropic stiffness tensor.
CREEP OF A C-S-H GEL: A MICROMECHANICAL APPROACH
35
THE MOST GENERAL CASE: UNSPECIFIED TRANSVERSELY ISOTROPIC STIFFNESS TENSOR
In this first part, the stiffness of the solid grains is a transversely isotropic stiffness tensor with unspecified components. In an orthonormal base whose third vector is perpendicular to the sheets, the stiffness tensor of each grain is supposed to have the same components. Using Voigt notation, and the vector e r being perpendicular to the sheets, this transversely isotropic tensor reads: 
where (e r , e θ , e φ ) is the spherical base. The stiffness of a grain, thus, only depends on its orientation, described by the two Euler angles (θ, φ), and on the five components c 1111 , c 1122 , c 1133 , c 3333 and c 2323 .
The morphology being random and polycrystalline, it seems natural to resort to a self-consistent scheme to model the elasticity of such a porous material. For simplicity, the grains are represented by spherical shapes (Fig. 8) . Note that the derivation is feasible with spheroids whose axis of revolution is perpendicular to the sheets, but the expressions involved are much lengthier. The orientation distribution of the particles is supposed to be isotropic. Thus, the effective stiffness is also isotropic. The self-consistent estimate of the latter is denoted by C SC S = 3k SC S J + 2g SC S K, where k SC S and g SC S are the estimates of the effective bulk and shear moduli. The derivation of the homogenization scheme requires, for uniform strain boundary conditions ( E) on the REV, estimates of the average strain in the pore space and in the solid domain, and of the average stress in the solid domain.
The average strain in the pore space is estimated by the uniform strain that rises in a spherical pore embedded into an infinite reference medium, whose stiffness is the sought homogenized one, and with an uniform strain E ∞ at infinity (the latter will be linked to the strain E applied at the boundary of the REV using the average law (27)):
S SC S sph being the Eshelby tensor (Eshelby 1957 ) of a sphere in a reference medium whose stiffness is C SC S .
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The average strain in the set of grains whose vector perpendicular to the sheets is e r (parametrized by θ, φ) is estimated by the uniform strain that rises in a sphere made up of the same material than these grains, embedded into the infinite effective medium, and with the uniform strain E ∞ at infinity (Eshelby 1957) :
sph being the Hill tensor of a sphere in a medium whose stiffness is C SC S ; it is related to the corresponding
The average strain over the whole solid domain is, then, obtained as an angular average, e r following an isotropic orientation distribution:
The average stress over the whole solid domain is estimated in the same way, from (24):
The uniform strain E at the boundary of the REV is, then, related to the reference strain E ∞ using (22), (25) and the average rule:
The macroscopic stress is = (1 − ϕ) σ s . The effective stiffness tensor is, then, defined as the tensor relating the macroscopic strain and stress: = C SC S : E. Taking into account (22), (25) and (26), the latter reads:
This tensorial equation reduces to two scalar equations since all the tensors involved and resulting from the integrations are isotropic. The self-consistent estimates k SC S and g SC S of the effective bulk and shear moduli are the positive solutions of these two nonlinear equations.
ISOTROPIC COMPLIANCE ADDED TO A COMPLIANCE MODELLING THE SLIDING OF THE SHEETS
The compliance of the grains is now supposed to be the sum of:
• an isotropic compliance (bulk and shear moduli denoted by k and g);
• a compliance (characterized by the modulus c s ) that only allows the simple shear activated by relative sliding of the sheets: ε 13 = σ 13 /2/c s and ε 23 = σ 23 /2/c s (e 3 being perpendicular to the sheets).
The total compliance of the grain whose vector perpendicular to the sheets is e r , thus, reads:
with:
and, using Voigt notation: 
Effective moduli
The stiffness of the grains being transversely isotropic, we take advantage of the results established in the Section A.1, introducing the five components:
The effective moduli, normalized by k, appear as functions of the porosity ϕ, the Poisson's ratio ν = (3k − 2g)/(6k + 2g) and the ratio χ = c s /g:
For ϕ ≥ 1/2, f k (ϕ, ν, χ ) and f g (ϕ, ν, χ ) vanish. The equations to be solved to get f k and f g are sought for ϕ < 1/2. The tensorial equation (28) yields, on one hand, the expression of f k as a function of f g :
hiding the dependency of f k and f g with respect to (ϕ, ν, χ), and, on the other hand, a fourth order polynomial equation in f g :
Only a numerical resolution can provide f k (ϕ, ν, χ) and f g (ϕ, ν, χ ) (see Fig. 9 ). However, some truncated series expansions of f k (ϕ, ν, χ ) and f g (ϕ, ν, χ) can be derived when χ → 0 or ∞. These ones are used in Sections 3.1 and 3.2.
Truncated series expansions
When χ → 0 and 0 < ϕ < 1/4, the truncated series expansions of f k and f g read:
with: 
The effective moduli are of the same order as χ , which is compatible with the fact that they tend towards 0 when ϕ → 1/4 − .
When χ → ∞ and 0 < ϕ < 1/2, the truncated series expansions of f k and f g read: 
